MATERIALS AND METHODS
Isolation, cultivation, and identification of mercury-resistant bacteria. Cultures of mercury tolerant bacteria were isolated by spreading suitable dilutions of water and sediment onto a solid selective medium containing PMA and HgC1, (12) . The basal medium, which was designed to reduce the precipitation of mercury by sulfur-containing compounds, consisted of 2.0 g of glucose, 5.0 g of Casamino Acids (Difco), and 1.0 g of yeast extract (Difco) per liter of artifical estuarine salts solution (ES) containing 10.0 g of NaCl, 2.3 g of MgCl, .6H,0, and 0.3 g of KCL. The broth was adjusted to pH 7.3 and autoclaved at 121 C for 15 min. A solid medium was prepared by adding 20.0 g of agar (Difco) per liter of broth. Freshly prepared ethanolic and aqueous solutions of PMA and HgCl,, respectively, were diluted 1,000-fold into sterile basal broth or sterile, melted agar. The pure cultures which were isolated during the study were identified as to genus (1, 13) and maintained on basal agar slants.
Radioisotope experiments. Bacterial cultures were grown in 2.0 ml of broth containing 0.3 ppm of PMA at 20 C with agitation in a temperature-controlled gyrorotary shaker to approximately equivalent turbidities (24-48 h) and washed once in 0.01 M potassium phosphate-buffered ES (PES; pH 7.0). The pellets were resuspended in 0.9 ml of PES in screw capped tubes and 100 gliters of 203Hg-labeled PMA (5.75 x 10" counts per min per Mg) in 95% ethanol was added; giving a final concentration of 0.4 ppm of PMA. The tubes were incubated at 25 C, with agitation. To access the loss of Hg, 100-,gliter samples were withdrawn and added directly to 10 ml of liquid scintillation cocktail consisting of 8.23% naphthalene; 1.02% 2,5-diphenyloxazole; 0.051% (1,4-bis[2-(5-phenyloxazole) ]-benzene) in a solution of toluene; 1, 4 dioxane; and ethylene glycol monoethyl ether (1: 3: 3). Sample radioactivity was measured in a liquid scintillation spectrometer, and efficiency of counting was determined from a channels ratio versus quench curve. Corrections for isotopic decay were made for samples held for prolonged incubation.
Bioreactor experiments. For the vapor phase analysis of PMA metabolizing cultures, six plates of basal medium containing 0.3 ppm of PMA were streaked from cultures on 0.3-ppm PMA slants and were immediately placed in a hermetically sealed glass bioreactor (volume, approximately 4 liters) (Fig.  1) . A blank consisting of six uninoculated plates was also run. At intervals, the valve to the reactor was opened, and the atmosphere was flushed at the rate of 321 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from APPL. MICROBIOL. 4 liters/min through the BOD bottle, V2, and the volume VD (atomic absorption [AA] cell and associated pump and flowmeter) for 1 min. The output from the dual-beam AA spectrophotometer was recorded, and the peak height was measured with respect to dry air. This reading constituted the mercury vapor (Hg0) output of the cultures. Analysis for total mercury (HgTOTAL), e.g., Hg0 plus any other volatile mercurial metabolites, immediately followed by closing the valve to the bioreactor, whereupon the Hg in V2 plus VD was absorbed by pumping the residual atmosphere for 5 min through a fritted glass sparger in a second BOD bottle (Vj) containing 100 ml of the oxidizing solution (5 ml of 5.0% K2S204, 5 ml of 35.0% HNO,, 5 ml of 5.0% H2SO4, and 0.25 ml of 5.0% KMnOl100 ml of solution) used in the Hatch-Ott procedure (5). The frit was removed, and 5 ml of 1.5% NH2OH -HCl and 5 ml of 10.0% SnCl2 were added. Immediately after the addition of the SnCl2, the frit was reintroduced, and Hg0 formed was pumped through volumes V2, VD, and V, (volume above the absorbing solution) at 4 liters/ min. The peak height was again recorded. Values representing either Hg0 or HgTOTAL concentrations were obtained from calibration curves constructed using least-squares straight line fits, based on computer analyzed data (standard amounts: 0, 10, 20, 50, 100, 200, and 500 ng of Hg2+). These concentrations were converted to total quantities of Hg present in the reactor (legend, Fig. 1 perature (20 ± 2 C) and continuously exposed to the same level of laboratory fluorescent lighting. Preliminary observations indicated that light increased Hg0 production slightly from the inoculated plates, but not from the uninoculated plates. A temperature increase of 10 C had less effect upon the production of Hg0 than light.
Interference by other gaseous metabolites in AA detection of Hg was evaluated for benzene, CO2, and ammonia by directly injecting known quantities into a bioreactor through a septum. In results to be reported elsewhere, studies have been conducted on Chesapeake Bay isolates, as well as anaerobic bacteria from other sources, with regard to characterization of reactive metabolites. Here, volatile metabolites were slowly purged with dry air from a bioreactor containing isolate 244 into cold traps on a glass Hg-free, greaseless high vacuum system. Following trap-to-trap fractionation of the condensed fractions, these were identified by infrared and mass spectrometry; principal products were Hg, CO2, and NH,. In other cases, ethanol, acetone, and organometallic products have been observed.
From a consideration of the amount of non-mercury metabolites added to produce the same AA detector response, a relative sensitivity scale was established for the bioreactor system. Thus, to achieve the same peak height from the AA spectrophotometer, the following relative amounts of absorbant were required in the bioreactor: Hg°:CH,:NH, st (Fig. 2, 3 (13) .
volume withdrawn and an adherence to sampling at regular intervals are necessary. Although corrections were utilized to normalize the determination of the concentration of both Hgo and total Hg, the results indicated that substantial amounts of sample were lost through plating out of the mercury on the reactor-detector surfaces or inefficiency of the absorption procedures, or both. As a result, the concentrations of total Hg were less than those of Hg0 in almost all the measurements. The differences between Hg0 and HgTOTAL cannot be used to reliably evaluate production of volatile mercury compounds such as dimethylmercury, but a comparison of the ratios of the two values over the entire growth period reveals a monotonic relationship. This is indicative of the absence of important amounts of organomercurials, unless they are fortuitously generated at a rate very similar to that for Hg0 production. For example, with two isolates displaying divergent patterns for Hg production (Fig. 2) , 119 yields Hgo/HgTOTAL = 2.01 0.11 (31 observations), whereas 72 gives Hgo/HgTOTAL = 2.65 4 0.93 (26 observations). The results are also consistent with minimal interference with AA mercury readings by volatile non-mercurial metabolites. Nonetheless, detection of benzene at low concentrations produced by the isolates was noted.
Varying levels of benzene were identified in Hg values plotted here are not additively corrected for portions of reactor atmosphere removed at each sampling period. Note that to avoid overlapping, the individual curves are not referred to a common zero on the ordinate, but the 1,000 ng intervals shown on that scale provide an indication of the relative change in the amount of Hg present above each isolate referred to a control blank (uninoculated plates Generally, the present work shows that more precise analytical methods are required for full molecular characterization of both elemental and organomercury metabolites at concentrations eliminating requirements for usual batch or destructive reconcentration procedures. Recent demonstrations (2, 4, 9) of a vapor phase chromatograph coupled to both FID and AA detectors in tandem appeared promising in view of the analytical results of the present work. Such a system has been incorporated into the basic modular bioreactor apparatus used in these laboratories and has already proven effective in a preliminary examination of an anaerobic Chesapeake Bay culture producing both Hg0 and dimethylmercury at different rates.
The information obtained from the laboratory experiments leads to the question of the relationship of degradative-reductive processes to methylation and overall cycling of mercury in the natural environment. In situ experiments which have been designed expressly to clarify this relationship and to determine whether reactions observed under laboratory conditions occur in nature are now underway.
